






Next Article in Journal

Relationship between Land Use and Spatial Variability of Atmospheric Brown Carbon and Black Carbon Aerosols in Amazonia











Previous Article in Journal

Climate and the Radial Growth of Conifers in Borderland Natural Areas of Texas and Northern Mexico












Journals






Active Journals
Find a Journal
Proceedings Series









Topics




Information






For Authors
For Reviewers
For Editors
For Librarians
For Publishers
For Societies
For Conference Organizers



Open Access Policy
Institutional Open Access Program
Special Issues Guidelines
Editorial Process
Research and Publication Ethics
Article Processing Charges
Awards
Testimonials









Author Services




Initiatives






Sciforum
MDPI Books
Preprints.org
Scilit
SciProfiles
Encyclopedia
JAMS
Proceedings Series










About






Overview
Contact
Careers
News
Press
Blog











Sign In / Sign Up









Notice







You can make submissions to other journals
here.







clear






Notice


You are accessing a machine-readable page. In order to be human-readable, please install an RSS reader.








Continue
Cancel





clear





All articles published by MDPI are made immediately available worldwide under an open access license. No special
permission is required to reuse all or part of the article published by MDPI, including figures and tables. For
articles published under an open access Creative Common CC BY license, any part of the article may be reused without
permission provided that the original article is clearly cited. For more information, please refer to
https://www.mdpi.com/openaccess.






Feature papers represent the most advanced research with significant potential for high impact in the field. A Feature
Paper should be a substantial original Article that involves several techniques or approaches, provides an outlook for
future research directions and describes possible research applications.



Feature papers are submitted upon individual invitation or recommendation by the scientific editors and must receive
positive feedback from the reviewers.






Editor’s Choice articles are based on recommendations by the scientific editors of MDPI journals from around the world.
Editors select a small number of articles recently published in the journal that they believe will be particularly
interesting to readers, or important in the respective research area. The aim is to provide a snapshot of some of the
most exciting work published in the various research areas of the journal.












Original Submission Date Received: .






                    
                        You seem to have javascript disabled. Please note that many of the page functionalities won't work as expected without javascript enabled.
                    

                













clear


zoom_out_map


search


menu





















	
Journals
	


	

Active Journals


	

Find a Journal


	

Proceedings Series












	
Topics

	
Information
	


	
For Authors

	
For Reviewers

	
For Editors

	
For Librarians

	
For Publishers

	
For Societies

	
For Conference Organizers






	
Open Access Policy

	
Institutional Open Access Program

	
Special Issues Guidelines

	
Editorial Process

	
Research and Publication Ethics

	
Article Processing Charges

	
Awards

	
Testimonials











	
Author Services

	
Initiatives
	


	

Sciforum


	

MDPI Books


	

Preprints.org


	

Scilit


	

SciProfiles


	

Encyclopedia


	

JAMS


	

Proceedings Series












	
About
	


	

Overview


	

Contact


	

Careers


	

News


	

Press


	

Blog


















Sign In / Sign Up
Submit








 






 



Search for Articles:





Title / Keyword








Author / Affiliation / Email








Journal



All Journals

Acoustics


Acta Microbiologica Hellenica


Actuators


Administrative Sciences


Adolescents


Advances in Respiratory Medicine (ARM)


Aerobiology


Aerospace


Agriculture


AgriEngineering


Agrochemicals


Agronomy


AI


Air


Algorithms


Allergies


Alloys


Analytica


Analytics


Anatomia


Anesthesia Research


Animals


Antibiotics


Antibodies


Antioxidants


Applied Biosciences


Applied Mechanics


Applied Microbiology


Applied Nano


Applied Sciences


Applied System Innovation (ASI)


AppliedChem


AppliedMath


Aquaculture Journal


Architecture


Arthropoda


Arts


Astronomy


Atmosphere


Atoms


Audiology Research


Automation


Axioms


Bacteria


Batteries


Behavioral Sciences


Beverages


Big Data and Cognitive Computing (BDCC)


BioChem


Bioengineering


Biologics


Biology


Biology and Life Sciences Forum


Biomass


Biomechanics


BioMed


Biomedicines


BioMedInformatics


Biomimetics


Biomolecules


Biophysica


Biosensors


BioTech


Birds


Blockchains


Brain Sciences


Buildings


Businesses


C


Cancers


Cardiogenetics


Catalysts


Cells


Ceramics


Challenges


ChemEngineering


Chemistry


Chemistry Proceedings


Chemosensors


Children


Chips


CivilEng


Clean Technologies (Clean Technol.)


Climate


Clinical and Translational Neuroscience (CTN)


Clinics and Practice


Clocks & Sleep


Coasts


Coatings


Colloids and Interfaces


Colorants


Commodities


Complications


Compounds


Computation


Computer Sciences & Mathematics Forum


Computers


Condensed Matter


Conservation


Construction Materials


Corrosion and Materials Degradation (CMD)


Cosmetics


COVID


Crops


Cryptography


Crystals


Current Issues in Molecular Biology (CIMB)


Current Oncology


Dairy


Data


Dentistry Journal


Dermato


Dermatopathology


Designs


Diabetology


Diagnostics


Dietetics


Digital


Disabilities


Diseases


Diversity


DNA


Drones


Drugs and Drug Candidates (DDC)


Dynamics


Earth


Ecologies


Econometrics


Economies


Education Sciences


Electricity


Electrochem


Electronic Materials


Electronics


Emergency Care and Medicine


Encyclopedia


Endocrines


Energies


Eng


Engineering Proceedings


Entropy


Environmental Sciences Proceedings


Environments


Epidemiologia


Epigenomes


European Burn Journal (EBJ)


European Journal of Investigation in Health, Psychology and Education (EJIHPE)


Fermentation


Fibers


FinTech


Fire


Fishes


Fluids


Foods


Forecasting


Forensic Sciences


Forests


Fossil Studies


Foundations


Fractal and Fractional (Fractal Fract)


Fuels


Future


Future Internet


Future Pharmacology


Future Transportation


Galaxies


Games


Gases


Gastroenterology Insights


Gastrointestinal Disorders


Gastronomy


Gels


Genealogy


Genes


Geographies


GeoHazards


Geomatics


Geosciences


Geotechnics


Geriatrics


Gout, Urate, and Crystal Deposition Disease (GUCDD)


Grasses


Hardware


Healthcare


Hearts


Hemato


Hematology Reports


Heritage


Histories


Horticulturae


Hospitals


Humanities


Humans


Hydrobiology


Hydrogen


Hydrology


Hygiene


Immuno


Infectious Disease Reports


Informatics


Information


Infrastructures


Inorganics


Insects


Instruments


International Journal of Environmental Research and Public Health (IJERPH)


International Journal of Financial Studies (IJFS)


International Journal of Molecular Sciences (IJMS)


International Journal of Neonatal Screening (IJNS)


International Journal of Plant Biology (IJPB)


International Journal of Translational Medicine (IJTM)


International Journal of Turbomachinery, Propulsion and Power (IJTPP)


International Medical Education (IME)


Inventions


IoT


ISPRS International Journal of Geo-Information (IJGI)


J


Journal of Ageing and Longevity (JAL)


Journal of Cardiovascular Development and Disease (JCDD)


Journal of Clinical & Translational Ophthalmology (JCTO)


Journal of Clinical Medicine (JCM)


Journal of Composites Science (J. Compos. Sci.)


Journal of Cybersecurity and Privacy (JCP)


Journal of Developmental Biology (JDB)


Journal of Experimental and Theoretical Analyses (JETA)


Journal of Functional Biomaterials (JFB)


Journal of Functional Morphology and Kinesiology (JFMK)


Journal of Fungi (JoF)


Journal of Imaging (J. Imaging)


Journal of Intelligence (J. Intell.)


Journal of Low Power Electronics and Applications (JLPEA)


Journal of Manufacturing and Materials Processing (JMMP)


Journal of Marine Science and Engineering (JMSE)


Journal of Market Access & Health Policy (JMAHP)


Journal of Molecular Pathology (JMP)


Journal of Nanotheranostics (JNT)


Journal of Nuclear Engineering (JNE)


Journal of Otorhinolaryngology, Hearing and Balance Medicine (JOHBM)


Journal of Personalized Medicine (JPM)


Journal of Pharmaceutical and BioTech Industry (JPBI)


Journal of Respiration (JoR)


Journal of Risk and Financial Management (JRFM)


Journal of Sensor and Actuator Networks (JSAN)


Journal of Theoretical and Applied Electronic Commerce Research (JTAER)


Journal of Vascular Diseases (JVD)


Journal of Xenobiotics (JoX)


Journal of Zoological and Botanical Gardens (JZBG)


Journalism and Media


Kidney and Dialysis


Kinases and Phosphatases


Knowledge


Laboratories


Land


Languages


Laws


Life


Limnological Review


Lipidology


Liquids


Literature


Livers


Logics


Logistics


Lubricants


Lymphatics


Machine Learning and Knowledge Extraction (MAKE)


Machines


Macromol


Magnetism


Magnetochemistry


Marine Drugs


Materials


Materials Proceedings


Mathematical and Computational Applications (MCA)


Mathematics


Medical Sciences


Medical Sciences Forum


Medicina


Medicines


Membranes


Merits


Metabolites


Metals


Meteorology


Methane


Methods and Protocols (MPs)


Metrology


Micro


Microbiology Research


Micromachines


Microorganisms


Microplastics


Minerals


Mining


Modelling


Molbank


Molecules


Multimodal Technologies and Interaction (MTI)


Muscles


Nanoenergy Advances


Nanomanufacturing


Nanomaterials


NDT


Network


Neuroglia


Neurology International


NeuroSci


Nitrogen


Non-Coding RNA (ncRNA)


Nursing Reports


Nutraceuticals


Nutrients


Obesities


Oceans


Onco


Optics


Oral


Organics


Organoids


Osteology


Oxygen


Parasitologia


Particles


Pathogens


Pathophysiology


Pediatric Reports


Pharmaceuticals


Pharmaceutics


Pharmacoepidemiology


Pharmacy


Philosophies


Photochem


Photonics


Phycology


Physchem


Physical Sciences Forum


Physics


Physiologia


Plants


Plasma


Platforms


Pollutants


Polymers


Polysaccharides


Poultry


Powders


Proceedings


Processes


Prosthesis


Proteomes


Psych


Psychiatry International


Psychoactives


Publications


Quantum Beam Science (QuBS)


Quantum Reports


Quaternary


Radiation


Reactions


Real Estate


Receptors


Recycling


Religions


Remote Sensing


Reports


Reproductive Medicine (Reprod. Med.)


Resources


Rheumato


Risks


Robotics


Ruminants


Safety


Sci


Scientia Pharmaceutica (Sci. Pharm.)


Sclerosis


Seeds


Sensors


Separations


Sexes


Signals


Sinusitis


Smart Cities


Social Sciences


Société Internationale d’Urologie Journal (SIUJ)


Societies


Software


Soil Systems


Solar


Solids


Spectroscopy Journal


Sports


Standards


Stats


Stresses


Surfaces


Surgeries


Surgical Techniques Development


Sustainability


Sustainable Chemistry


Symmetry


SynBio


Systems


Targets


Taxonomy


Technologies


Telecom


Textiles


Thalassemia Reports


Thermo


Tomography


Tourism and Hospitality


Toxics


Toxins


Transplantology


Trauma Care


Trends in Higher Education


Tropical Medicine and Infectious Disease (TropicalMed)


Universe


Urban Science


Uro


Vaccines


Vehicles


Venereology


Veterinary Sciences


Vibration


Virtual Worlds


Viruses


Vision


Waste


Water


Wind


Women


World


World Electric Vehicle Journal (WEVJ)


Youth


Zoonotic Diseases







Article Type



All Article Types
Article
Review
Communication
Editorial
Abstract
Book Review
Brief Report
Case Report
Comment
Commentary
Concept Paper
Conference Report
Correction
Creative
Data Descriptor
Discussion
Entry
Essay
Expression of Concern
Extended Abstract
Guidelines
Hypothesis
Interesting Images
Letter
New Book Received
Obituary
Opinion
Perspective
Proceeding Paper
Project Report
Protocol
Registered Report
Reply
Retraction
Short Note
Study Protocol
Systematic Review
Technical Note
Tutorial
Viewpoint





 





 

Advanced Search








 



Section










Special Issue









Volume





Issue





Number





Page

















 


Logical OperatorOperator

AND
OR





Search Text





Search Type

All fields
Title
Abstract
Keywords
Authors
Affiliations
Doi
Full Text
References





 



add_circle_outline






remove_circle_outline







 














 



Journals



Atmosphere



Volume 13



Issue 8



10.3390/atmos13081327














Submit to this Journal


Review for this Journal


Propose a Special Issue





►
▼
Article Menu





Article Menu



	
Academic Editor





Kostas Lagouvardos









	
Subscribe SciFeed

	
Recommended Articles

	
Related Info Link

	
Google Scholar






	
More by Authors Links

	
on DOAJ



	
Coll-Hidalgo, P.

	

	
Pérez-Alarcón, A.

	

	
Nieto, R.

	







	
on Google Scholar



	
Coll-Hidalgo, P.

	

	
Pérez-Alarcón, A.

	

	
Nieto, R.

	





	
on PubMed



	
Coll-Hidalgo, P.

	

	
Pérez-Alarcón, A.

	

	
Nieto, R.

	











/ajax/scifeed/subscribe









Article Views









Citations
-











	
Table of Contents

























Altmetric


share
Share


announcement
Help


format_quote
Cite


question_answer
Discuss in SciProfiles


thumb_up

...


Endorse


textsms

...


Comment






Need Help?




Support


Find support for a specific problem in the support section of our website.



Get Support




Feedback


Please let us know what you think of our products and services.



Give Feedback




Information


Visit our dedicated information section to learn more about MDPI.



Get Information






clear









JSmol Viewer











clear










first_page




Download PDF


settings



Order Article Reprints








Font Type:



Arial
Georgia
Verdana








Font Size:


Aa
Aa
Aa











Line Spacing:



















Column Width:






















Background:




























Open AccessArticle


Moisture Sources for the Precipitation of Tropical-like Cyclones in the Mediterranean Sea: A Case of Study 


by
Patricia Coll-Hidalgo
Patricia Coll-Hidalgo


Scilit

Preprints.org

Google Scholar


View Publications


 1,2, Albenis Pérez-Alarcón
Albenis Pérez-Alarcón


Scilit

Preprints.org

Google Scholar


View Publications


 1,3 and Raquel Nieto
Raquel Nieto


Scilit

Preprints.org

Google Scholar


View Publications


 1,* 









1

Centro de Investigación Mariña, Environmental Physics Laboratory (EPhysLab), Universidade de Vigo, Campus As Lagoas s/n, 32004 Ourense, Spain




2

Departamento de Meteorología, Empresa Cubana de Navegación Aérea, La Habana 10800, Cuba




3

Departamento de Meteorología, Instituto Superior de Tecnologías y Ciencias Aplicadas, Universidad de La Habana, La Habana 10400, Cuba




*

Author to whom correspondence should be addressed. 








Atmosphere 2022, 13(8), 1327; https://doi.org/10.3390/atmos13081327



Submission received: 26 July 2022
/
Revised: 11 August 2022
/
Accepted: 18 August 2022
/
Published: 20 August 2022



(This article belongs to the Section Meteorology)






Download keyboard_arrow_down


Download PDF


Download PDF with Cover


Download XML


Download Epub





Browse Figures



















Versions Notes












Abstract
:
Tropical-like cyclones (TLCs) are hybrid low-pressure systems formed over the Mediterranean Sea, showing the characteristics of tropical and extratropical cyclones. The literature review revealed that several studies have focused on determining the physical mechanisms that favour their formation; however, their rainfall has received little attention. In this study, we attempted to identify the origin of the precipitation produced by TLCs through a Lagrangian approach based on the analysis of moisture sources for the TLC Qendresa from 6 to 9 November 2014. For the Lagrangian analysis, we used the trajectories of air parcels from the global outputs of the FLEXPART model fed by the ERA-5 reanalysis provided by the European Centre for Medium-Range Weather Forecast and backtracked those parcels that precipitated within the outer radius of the storm up to 10 days. Our results showed that the moisture mainly came from the western Mediterranean Sea, Northern Africa, the central Mediterranean Sea, Western Europe, the eastern North Atlantic, and the eastern Mediterranean Sea with contributions of 35.09%, 27.6%, 18.62%, 10.40%, 6.79%, and 1.5%, respectively. The overall large-scale conditions for the genesis of Qendresa agreed with previous climatological studies. Therefore, our findings contribute to the understanding of precipitation associated with TLCs. Future studies will focus on a climatological analysis of the origin of rainfall produced by these hybrid cyclones.
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 1. Introduction
The Mediterranean Region (MR) is home to the genesis of several cyclones every year [1,2,3]. It is limited by the box from 9° W to 42° E and from 27° N to 48° N [3] and includes the Mediterranean Sea, Northern Africa, Southern Europe, and the Middle East, as shown in Figure 1. Although extratropical cyclones (ECs) are more frequent due to the baroclinic instability, mesoscale vortices showing characteristics of ECs and tropical cyclones (TCs) also occur over the MR [4,5,6]. These hybrid cyclones, known as Mediterranean hurricanes (medicanes) or tropical-like cyclones (TLCs), are responsible for hazardous consequences along the Mediterranean coast [7], mainly caused by their associated heavy rainfall, strong winds, and induced storm surge [4,8,9].
Several authors (e.g., [10,11,12]) have addressed that TLCs form the tropical transition of a baroclinic structure, i.e., frontal wave, remnant frontal zone, and a weak EC. Miglietta and Rotunno [13] listed the characteristics of a mature TLC: (i) warm core in the lower troposphere, (ii) central region free of clouds (the eye), (iii) weak vertical wind shear, (iv) strong rotation around the centre, (v) formation of spiral bands, (vi) horizontal extension of a few hundred kilometres, and (vii) exceptional intensity reaching hurricane strength. Furthermore, contrary to TCs, the lifetime of TLCs is limited to a few days due to the small extension of the Mediterranean Sea [13,14], which is their principal source of energy.
Under the baroclinic conditions in which TLCs form, the weak vertical wind shear required for their development is often unusual. Therefore, the frequency of occurrence of TLCs is low, with approximately 1.5 TLC per year [7,15,16,17]. Likewise, the TLC season is defined from August to July of the following year [7,16], with the highest frequency from November to February [7]. Some authors (e.g., [15,18,19]) have projected that the intensity and frequency of TLCs could increase under a warming climate.
Several studies focused on TLCs have investigated the large-scale and local-scale factors for their genesis and development based on numerical simulations and climatological analysis from reanalysis datasets [20,21,22,23,24]. Emanuel [20] proposed that the wind-induced surface heat exchange can explain the genesis and maintenance of TLCs, but recently, Mazza et al. [12] suggested that the seclusion by colder air during the extratropical stage leads to the development of the warm core. Fita et al. [21] used a cloud-resolving model to investigate the TLC genesis and development, while Romero and Emanuel [15] used synthetic tracks of TLCs to project their future changes. Moreover, Tous and Romero [5] focused their work on the meteorological environments linked to TLCs. Miglietta et al. [6] and Comellas et al. [25] performed numerical experiments using Advanced Research Weather Research and Forecasting (WRF-ARW) to investigate the influence of physics parameterization schemes on simulations of TLCs. Nastos et al. [17] studied the interannual distribution of TLCs based on the daily average and anomalies of synoptic patterns. In addition, Zimbo et al. [26] analysed the synoptic conditions that favoured the formation and intensification of TLC Ianos from 15 to 20 September 2020, which is the most intense TLC on record [27,28].
A set of studies by Flaounas et al. [29,30,31,32] investigated the rainfall produced by Mediterranean cyclones (medcyclones), founding a relationship between the dynamic and thermodynamics process favouring heavy precipitation and cyclone intensity. Likewise, Pfahl et al. [33] noted that cyclones caused more than 90% of extreme rainfall on the Mediterranean coasts. More related to the precipitation produced by TLCs, Claud et al. [34] characterized its precipitation fields using satellite microwave observations, and Flaounas et al. [32] highlighted that TLCs tend to produce high rainfall amounts. Zhang et al. [7] examined the extreme precipitation from TLCs using the ERA-5 reanalysis [35] provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) and found that rainfall totals increase from the centre to ~0.8 degrees and, then, decrease. Additionally, TLCs are responsible for 2–5% of all the extreme precipitation events in the MR from 1979 to 2017 [7]. Most recently, D’Adderio et al. [28] analysed the precipitation structure of Ianos using satellite observations, revealing notable differences in the rainband precipitation structure between the development and mature stages.
Nevertheless, where is the origin of the atmospheric humidity for the precipitation associated with TLCs? Previously, Flaounas et al. [32] applied a Lagrangian approach to identify the remote water sources for the precipitation of medcyclones. This work aims to provide new elements to address this question by investigating the moisture sources for the rainfall produced by the TLC Qendresa, which occurred from 6 to 9 November 2014. Qendresa was detected over the Sicilian channel, affecting the Islands of Lampedusa, Pantelleria, and Malta. It reached one-minute sustained winds of about 110 km/h and a minimum central pressure of 978 hPa [36,37]. While wind gusts at 135 km/h were recorded in Lampedusa, Linosa, the weather station of Buġibba in Malta registered gusts exceeding ~153 km/h. Qendresa caused three fatalities in Italy and heavy precipitation higher than 100 mm in 24 h in Malta and Sicily [37], as well as strong winds produced high waves of about 3 m or more [38]. To identify the origin of moisture associated with Qendresa, we backtracked the atmospheric humidity that precipitated over its location during its lifetime by applying the Lagrangian moisture source diagnostic method proposed by Sodemann et al. [39].
The rest of this paper includes the description of the datasets, the tracking algorithm of Qendresa and the Lagrangian moisture source tracking method in Section 2. The results are given in Section 3. Meanwhile, Section 4 summarises the main findings of this study.
 2. Materials and Methods
 2.1. Data
We used several three-dimensional fields, i.e., wind, specific humidity, temperature, potential vorticity, and geopotential height, from the ECMWF ERA-5 reanalysis [35]. Likewise, for investigating the moisture sources for the TLC Qendresa, we also analysed the eastward/northward vertically integrated moisture flux (VIMF), horizontal 10 m wind, convective precipitation, sensible heat flux, and surface and mean sea level pressure (MSLP). The ERA5 reanalysis has a grid spacing of 0.25° × 0.25°, 137 vertical levels, and 1-hourly temporal resolution. This reanalysis has been recently used for studying TLCs (e.g., [7,40]). Furthermore, we estimated the precipitation produced by the study case using the Multi-Source Weighted-Ensemble Precipitation (MSWEP) database [41] with a grid spacing of 0.1° × 0.1° and 3-hourly temporal resolution. The MSWEP merges precipitation estimates from 76,747 gauge stations worldwide and satellite and reanalysis datasets and includes distributional bias corrections for improving the precipitation frequency [41].
 2.2. TLC Detection and Tracking Algorithm
Several algorithms have been developed for tracking low-pressure systems [42]. Some of them are focused on track TCs (e.g., [43,44,45,46]) and many others on ECs (e.g., [47,48,49,50]). However, Gaertner et al. [51] highlighted that the method proposed by Picornell et al. [52] is suitable for identifying TLCs. Previously, De la Vara et al. [40] applied this algorithm for characterizing medicanes, while González-Alemán et al. [19] obtained medcyclone trajectories by using the MSLP and the 700 hPa wind field and, then, filtered the TLCs using the cyclone phase space method proposed by Hart [53]. Here, we searched for potential TLCs over the domain 27–48° N and 9° W–48° E (see Figure 1), in agreement with Zhang et al. [7]. We detected the critical centres at each 6-hourly time step using the MSLP minima over the 3 × 3 grid points following González-Alemán et al. [19], Picornell et al. [52], and Aragão and Porcù [54]. If the distance between two potential cyclones was less than 200 km, the one with the lowest intensity was discarded. Additionally, for paring centres in continuous time steps, a critical centre at time t + 6 h is the continuation of the trajectory if it is less than 600 km from the potential centre at time t [55]. Furthermore, following Cavicchia et al. [18], track lengths smaller than 100 km were discarded to avoid persistent stationary lows. After that, we applied the cyclone phase space method [53] for filtering TLCs. Note that this study is focused on the TLC Qendresa, so we applied the tracking method from 4 to 12 November 2014.
The selection of the area delimited by the TLC size is a critical step for identifying moisture sources for the precipitation associated with it. Zhang et al. [7] used a fixed radius of 500 km for estimating the rainfall of medicanes; however, we objectively determined the TLC size by applying the method developed by Rudeva and Gulev [48]. The outer radius identification procedure starts by constructing 36 radial legs of 1000 km from the TCL centre. Then, we considered the “critical” MSLP for a given radius as the MSLP value in the location where the first radial derivative of MSLP computed at radial spatial steps of 25 km tends to zero. If the condition was not satisfied, the MSLP at 1000 km was the critical value for that leg. Subsequently, the minimum value of all “critical” MSLPs was the last closed isobar, and by interpolating it in each radial leg, we determined the system geometry, the area of which is the sum of the areas of the 36 triangles with vertices in the centre of the system and two adjacent radial legs (see Coll-Hidalgo et al. [56] for details). Then, the TLC outer radius was the radius of the virtual circumference centred on the TLC, assuming that the area of the system geometry is approximately the area of that circumference. For further details, see Rudeva and Gulev [43].
 2.3. Lagrangian Method for Backtracking Moisture
For identifying the moisture sources, we used the backward trajectories of air parcels from the Lagrangian FLEXible PARTicle dispersion model (FLEXPART v10.3) [57,58] forced with the ERA-5 reanalysis. We homogeneously divided the total atmospheric mass into approximately 30 million air parcels for the model simulations. The air parcels that precipitated over the area enclosed by the TLC outer radius (the target region) were backtracked for up to 10 days [58,59,60,61,62]. Note that precipitating parcels were those in which the specific humidity decreased by more than 0.1 g/kg before reaching the target region, in agreement with Läderach and Sodemann [63].
By applying the quantitative Lagrangian moisture source attribution method [39], we calculated the specific humidity changes along parcels’ trajectories, considering the moisture removed by precipitation before arriving at the target region. Consequently, we translated these moisture losses into fractions discounted proportionally to all previous moisture uptake, leading to remote moisture sources contributing less and less to the final precipitation. This approach has been previously applied for identifying moisture sources for heavy rainfall in Central Europe [64], East China [65], and synoptic weather systems such as TCs [66,67], deep ECs [68], medcyclones [32], and the severe winter storm formed in March 1993 over the Gulf of Mexico [56].
 3. Results and Discussion
 3.1. Large-Scale Conditions Associated with the Development of TLC Qendresa
Figure 2 displays the trajectory of Qendresa from 6 November at 1800 UTC to 9 November at 0000 UTC, although the tropical characteristics appeared on 7 November, in agreement with Carrió et al. [36]. Despite the limited number of observations, Carrió et al. [36] highlighted that reports from land locations close to the cyclone path provided geographical references for Qendresa’s pathway (see Figure 6a in Carrió et al. [36]). The trajectory obtained by applying the tracking method described in Section 2.2 partially agrees with in situ observations and simulated trajectories by Mylonas et al. [24] and Carrió et al. [36] using the WRF-ARW model. During its lifetime (Figure 2), the TLC affected Pantelleria, Lampedusa on the island of Linosa, then Malta, and finally, the eastern coast of Sicily before losing the tropical characteristics.
The synoptic overview (Figure 3 and Figure 4) shows that the extension through the mid-troposphere moving southwards along Western Europe was responsible for the stronger potential vorticity (PV) advection, ranging from 8 to 10 PVU (Figure 3a,b) over the western Mediterranean Sea. The enhancement of the vorticity advection over the south of Sicily on early 7 November led to the low-level cyclogenesis. Additionally, an intense upper-level cut-off low (reaching 8 PVU) separated from the PV streamer covering Northern Europe was the principal synoptic cyclone formation precursor, as shown in Figure 3. In general, the mid-level environment favoured the aloft cold air intrusion, with temperatures below −23 °C (Figure 3a–c), relative upper PVUs, and further forced general uplifts, which are factors for TLC development [11,69,70]. Additionally, a low-level cyclonic flow was predominant from 4 November over the western Mediterranean, linked to the North Atlantic Subtropical High (NASH) and high pressures over the eastern Mediterranean (Figure 4), previously documented by Carrió et al. [36]. Furthermore, the existence of the low-level depression gives the impression of the significant role of the baroclinic instability in the TLC formation, as detailed in Pytharoulis [71].
The PV anomalies in the upper troposphere between 6 and 7 November stimulated the deepening of the cyclone [24]. Mylonas et al. [24], using the ERA-5 reanalysis, pointed out that the central pressure decreased by 10.9 hPa in 6 h, reaching a minimum pressure of 991.3 hPa. Likewise, Pytharoulis [71] found a similarly abrupt drop of the minimum pressure further to 985.5 hPa using the ECMWF analysis. Figure 4 illustrates the integrated water vapour transport (IVT) during Qendresa’s lifetime. Note the warm and moist northward flow from Northern Africa to the central Mediterranean. The IVT nucleus was initially in the region enclosed by the cyclone circulation (Figure 4a–c), reinforcing the system’s fronts by stimulating the convective activity along its. The landfalling in Catania, located on the eastern coast of Sicily (see Figure 2) contributed to its dissipation on 9 November. However, several hypotheses have tried to explain Qendresa’s decaying (e.g., [36,71]).
 3.2. Moisture Sources for the Precipitation of Qendresa
Figure 5 shows the rain rate at a 6-hourly time step within Qendresa’s outer radius from the MSWEP dataset. The intense precipitation occurred from 6 November at 1800 UTC to 7 November at 0600 UTC, with intensities higher than 6.3 mm/h over Sicily and 3.2 mm/h over Malta. According to in situ measurements, the storm produced more than 100 mm of rainfall in 24 h in Malta and Sicily [37]. From Figure 5, most of the precipitation associated with Qendresa appeared toward the northeast of the cyclone centre, in agreement with the findings of Flaounas et al. [29,31,32], who linked this behaviour with the warm conveyor belt; however, the studies by Flaounas et al. [29,31,32] included all Mediterranean cyclones. Note the higher moisture transport towards the right side of the TLC shown in Figure 4. The average rain rate around the cyclone centre ranged from 1 to 1.5 mm/h. This range agrees with the results of Zhang et al. [7], who found that TLCs produce precipitation intensities of ~1 mm/h around the centre with a pattern similar to that observed in TCs (e.g., [72,73]). It is worth noting that the decrease of the precipitation rate after Qendresa’s landfall can be related to the overall reduction of the moisture transport, as revealed in the IVT pattern in Figure 5.
To identify the origin and pathway of the moisture for Qendresa, the trajectories of the air parcels that precipitated over the TLC location followed backwards in time by applying the Lagrangian moisture source attribution method [39] are plotted in Figure 6. As previously discussed in Figure 5, the most intense precipitation occurred during the first hours of Qendresa’s lifetime (Figure 5a–e). The corresponding moisture came from the northeastern North Atlantic Ocean, crossing over the Iberian Peninsula and the western Mediterranean Sea, which was driven by the convergence flux of the northern branch of the NASH and the southern branch of the deep low-pressure system located in southern Iceland (see also Figure 4). Likewise, air parcels that originated Qendresa’s precipitation also travelled from the Sahel and Northern Africa, transported by the cyclonic circulation linked to the NASH and high pressures over the eastern Mediterranean Sea, in agreement with Carrió et al. [36]. A similar pattern of parcel trajectories was observed during the decay phase of Qendresa (Figure 6) after landfall on the eastern coast of Sicily (Figure 2), whereas the highest moisture uptake occurred over the eastern Mediterranean Sea.
Although air parcels manly described long northwestern–southeastern trajectories from the western North Atlantic Ocean toward Qendresa’s locations, the moistening of the parcels occurred relatively close to the cyclone track. By applying the same Lagrangian approach, several authors addressed a similar behaviour in the moisture uptake pattern for ECs [56,68] and TCs [66,67]. As noted in Section 2.3, the moisture source attribution method discounted proportionally to all previous moisture uptake the precipitation en route given an objective picture of the moisture sources.
By a simple inspection of Figure 3, Figure 4, and Figure 6, the moist air parcels described trajectories bordering the extension through the mid-troposphere linked to a branch of a polar jet stream over southwestern Europe [38]. Nastos et al. [17] found by analysing the daily means of the synoptic patterns associated with the development of TLCs that they originated over regions in which cold air intrusions appear in the upper atmosphere, as we found for Qendresa (Figure 3). Based on previous findings (e.g., [10,17,74]), the cyclogenesis and intensification of TLCs are triggered by upper-tropospheric systems. Therefore, the outcome of our analysis provides an overview of the moisture sources for TLCs’ precipitation.
From the analysis of the moist air parcel trajectories for the precipitation of Qendresa (Figure 6), we amassed the total contribution from the moisture sources. The overall moisture contributions are summarised in Figure 7. The moisture provided by the western Mediterranean Sea, Northern Africa, the central Mediterranean Sea, Western Europe, the eastern North Atlantic, and the eastern Mediterranean Sea accounted for 35.09%, 27.6%, 18.62%, 10.40%, 6.79%, and 1.5%, respectively. The spatial pattern of moisture uptake (Figure 7) also reveals that the atmospheric humidity mainly came from local sources, and the contributions from oceanic (terrestrial) origin represented 62% (38%) of the total moisture gained by the storm. Meanwhile, the convergence of the fluxes linked to the northern branch of the NASH and the southern portion of the low-pressure system located in southern Iceland, the polar jet stream, and the cyclonic circulation over the eastern Mediterranean Sea acted as the moisture drivers, as revealed by the VIMF pattern in Figure 7.
 4. Summary and Conclusions
Medicanes or tropical-like cyclones (TLCs) are rare hybrid cyclones formed over the Mediterranean Sea, showing the characteristics of tropical and extratropical cyclones. While the dynamics and thermodynamics mechanisms for their formation and intensification have received remarkable attention from the scientific community, little attention has been paid to the origin of their rainfall. This work aimed to identify the moisture sources for the precipitation associated with the TLC Qendresa from 6 November 2014 at 1800 UTC to 9 November 2014 at 0000 UTC by applying a Lagrangian moisture source attribution method to the air parcels’ trajectories from the global outputs of the FLEXPART model fed by the ERA-5 reanalysis.
Qendresa originated on 6 November at 1800 UTC over the south-central Mediterranean Sea from an intense upper-level cut-off low linked with an extension through the mid-troposphere and then moved northeastward. During this movement, it affected Pantelleria, Lampedusa, and Malta. After landfall in eastern Sicily, it had a southeastward trajectory before dissipating over the eastern Mediterranean Sea on 9 November at 0000 UTC. During its lifetime, Qendresa produced wind gusts higher than 135 km/h in Lampedusa and 153 km/h in Malta. Additionally, the precipitation rate exhibited the highest values on the northeastern side of the storm centre, with values of about 3.2 and 6.3 mm/h over Malta and Sicily. Overall, the precipitation pattern of Qendresa agrees with the precipitation pattern of tropical cyclones.
The moisture for the precipitation produced by Qendresa was mainly driven by a branch of the polar jet stream, the convergence of surface wind associated with the circulation of the North Atlantic Subtropical High, and a deep low-pressure system located in southern Iceland, as well as a cyclonic circulation from Northern Africa towards the central Mediterranean Sea. The oceanic sources supported 62% of total moisture uptake by the storm, while the remaining 38% came from the terrestrial counterparts. Overall, the moisture provided by the western Mediterranean Sea, Northern Africa, central Mediterranean Sea, Western Europe, eastern North Atlantic, and eastern Mediterranean Sea represented 35.09%, 27.6%, 18.62%, 10.40%, 6.79%, and 1.5%, respectively. As for tropical and extratropical cyclones, the moisture mainly came from local sources close to the storm trajectory.
It is worth noting that the large-scale conditions that favoured the formation of Qendresa agree with the factors for the genesis of TLCs found by Nastos et al. [17] and Fita and Flaounas [74] in climatological studies. Therefore, this study case contributed to identifying the origin of moisture that generated the precipitation of TLCs. By including more TLCs, future works will focus on performing a climatological analysis of the moisture sources for the precipitation associated with these hybrid cyclones, the factors that control their variability, and their response to global warming.
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Figure 1.
Mediterranean Region (red box) limited from 9° W to 42° E and from 27° N to 48° N.
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Figure 2.
Trajectory of Qendresa from 6 November 2014 at 1800 UTC to 9 November 2014 at 0000 UTC. The squares denoted the 6-hourly position of the storm. Days and hours (UTC) of each Qendresa position are also plotted.
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Trajectory of Qendresa from 6 November 2014 at 1800 UTC to 9 November 2014 at 0000 UTC. The squares denoted the 6-hourly position of the storm. Days and hours (UTC) of each Qendresa position are also plotted.














Figure 3.
Potential vorticity (PVU, shaded) at 300 hPa, geopotential height (gpm, solid green line), and temperature (°C, dashed brown line) from ERA-5 reanalyses at 500 hPa during Qendresa’s lifetime. (a) 6 November 2014 at 1800 UTC, (b) 7 November 2014 at 0000 UTC, (c) 7 November 2014 at 0600 UTC, (d) 7 November 2014 at 1200 UTC, (e) 7 November 2014 at 1800 UTC, (f) 8 November 2014 at 0000 UTC, (g) 8 November 2014 at 0600 UTC, (h) 8 November 2014 at 1200 UTC, and (i) 8 November 2014 at 1800 UTC. The dashed red circles and the red squares represent the cyclone size and centre, respectively.
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Figure 4.
Integrated vertically water vapour transport (IVT, in kg/ms, shaded), vertically integrated moisture transport (VIMF, in kg/ms, arrows), and mean sea level pressure (MSLP, hPa, contour) from ERA-5 reanalysis during Qendresa’s lifetime. (a) 6 November 2014 at 1800 UTC, (b) 7 November 2014 at 0000 UTC, (c) 7 November 2014 at 0600 UTC, (d) 7 November 2014 at 1200 UTC, (e) 7 November 2014 at 1800 UTC, (f) 8 November 2014 at 0000 UTC, (g) 8 November 2014 at 0600 UTC, (h) 8 November 2014 at 1200 UTC, and (i) 8 November 2014 at 1800 UTC. The dashed red circles and the red squares represent the cyclone size and centre, respectively.
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Figure 5.
Precipitation rate from the Multi-Source Weighted-Ensemble Precipitation during Qendresa’s lifetime. (a) 6 November 2014 at 1800 UTC, (b) 7 November 2014 at 0000 UTC, (c) 7 November 2014 at 0600 UTC, (d) 7 November 2014 at 1200 UTC, (e) 7 November 2014 at 1800 UTC, (f) 8 November 2014 at 0000 UTC, (g) 8 November 2014 at 0600 UTC, (h) 8 November 2014 at 1200 UTC, and (i) 8 November 2014 at 1800 UTC. The red square denotes the TLC centre.
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Figure 6.
Trajectories of air parcels that produced the precipitation associated with Qendresa during its lifetime. (a) 6 November 2014 at 1800 UTC, (b) 7 November 2014 at 0000 UTC, (c) 7 November 2014 at 0600 UTC, (d) 7 November 2014 at 1200 UTC, (e) 7 November 2014 at 1800 UTC, (f) 8 November 2014 at 0000 UTC, (g) 8 November 2014 at 0600 UTC, (h) 8 November 2014 at 1200 UTC, and (i) 8 November 2014 at 1800 UTC. The mean sea level pressure (hPa) is plotted in contours; the 6 h changes in specific humidity (g/kg) are shown with coloured dots; the cyclone size is denoted by the red dashed line.
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Figure 7.
Accumulated moisture uptake (mm, shaded) and mean vertically integrated moisture flux (VIMF, in kg/ms, arrows) during the lifetime of Qendresa from 6 November 2014 at 1800 UTC to 9 November at 0000 UTC. The red line and squares denote the trajectory and the 6-hourly position of the storm, respectively.
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